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ABSTRACT Prior studies have provided evidence of marginal dietary copper restriction in humans. The present
study was undertaken to examine in a rat model the effect of a long-term marginal dietary Cu deficiency on the
heart. Male adult Sprague-Dawley rats were fed AIN-76 diet containing 6.0 (control), 3.0, or 1.5 mg Cu/kg starting
at 11 wk of age. Groups of rats were killed at 6, 9, 12, 15, or 18 mo after initiation of feeding, and the same
experiment was repeated once. The only systemic change induced by marginal dietary Cu restriction (P < 0.05)
was depression of organ Cu concentrations in rats fed 1.5 mg Cu/kg diet. Cardiac pathological manifestations in
rats fed lower Cu diets were evidenced by histopathological, ultrastructural, and functional alterations. Myocyte
hypertrophy and excessive collagen deposition in the heart occurred in rats fed 1.5 mg Cu/kg diet. Ultrastructural
changes, including increased number and volume of mitochondria along with disruption of cristae structure,
diastolic and systolic dysfunction, and electrocardiograph alterations, occurred in rats fed 1.5 or 3.0 mg Cu/kg diet.
These results demonstrate that, in the absence of most indications of systemic Cu deficiency, heart morphology

and function are sensitive to marginal Cu deficiency. J. Nutr. 135: 2130-2136, 2005.
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Marginal copper restriction in humans, defined here as
consumption of a diet resulting in less than the Recommended
Dietary Allowance (RDA),” has been identified from surveys
of food consumption (1-3). The potential relevance of this to
the cardiovascular system is illustrated by the findings of a
human study on the effects of low-Cu diets (4). Among 24
human subjects consuming a typical American diet low in Cu
(1.03 mg/d), some developed cardiac abnormalities (4). For
instance, 1 mildly obese subject sustained a myocardial infarc-
tion 4 wk after consuming a starch-based diet low in Cu, and
2 subjects experienced severe tachycardia 7 or 10 wk after
consuming a fructose-based diet low in Cu. Another subject
experienced a type II, second-degree heart block 11 wk after
consuming the starch-based diet. Other studies have shown
that Cu concentrations in the aorta and coronary arteries
decrease with age (5-7), and lower Cu concentrations were
found in the heart in elderly people (8). In general, higher
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concentrations of Cu are associated with better vascular struc-
ture (9). Accumulated data support the speculation that ex-
perimental animals respond to diets low in Cu similarly to
humans (9,10). Thus, it is relevant to determine the effect of
long-term marginal Cu deficiency on cardiac morphological
and physiological changes in animal models.

Several animal studies have demonstrated cardiovascular
defects using diets that simulated the marginally low Cu con-
tent of some Western diets. Hunsacker et al. (11) demon-
strated that marginal Cu nutriture (2 mg/kg diet) begun in
utero and extended to 4 mo of age caused morphologic abnor-
malities of the aorta in rats that had no other overt signs of Cu
deficiency. Schuschke et al. (12) showed that rats fed 3 mg
Cu/kg diet from weaning suffered impaired coagulation after 5
wk of feeding, again with no overt signs of Cu deficiency.
Wildman et al. (13) performed a study using rats fed diets
containing low concentrations of Cu (1.3 and 2.8 mg/kg) from
midgestation through 5.5 mo of age. They found that marginal
Cu deficiency compromised myocardial ultrastructure, as indi-
cated by altered basal laminae and mitochondria and the
appearance of glycogen granules and lipid droplets, all in the
absence of cardiac hypertrophy. We aimed to extend and
complement the latter important findings in several ways.
First, we sought to distinguish effects occurring in adult rats
from those occurring during development and therefore initi-
ated feeding of marginally Cu deficient diets similar to those
used previously, but at 11 wk of age. Second, to address the
effects of aging, we thought it important to extend the period
of exposure to the marginal Cu deficient diets and therefore
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extended the time of feeding to 18 mo, making periodic
measurements along the way. And last, we thought it impor-
tant to examine the functional defects associated with any
structural damage that might be evident and therefore in-

cluded measurements of heart contractility and electrocardio-
grams (ECGs).

MATERIALS AND METHODS

Animals and diets. Male Sprague-Dawley rats, age 10 wk, were
obtained from Harlan and maintained at the University of Louisville
animal facilities or the USDA Grand Forks Human Nutrition Re-
search Center for 7 d before being assigned to different groups. All of
the experimental animals were housed in plastic cages at 22°C on a
12-h light:dark cycle. Rats were divided into 3 groups and fed diets
with nominal concentrations of 1.5, 3.0, or 6.0 mg Cu/kg diet. The
feeding experiment lasted 18 mo, and 5 rats in each group were killed
after 6, 9, 12, 15, and 18 mo of feeding. This feeding experiment was
duplicated, with one trial at the University of Louisville (for cardiac
functional measurements) and the other at the USDA Human Nu-
trition Research Center (for cardiac morphology measurements).
Cages, feeding jars, and water bottles were rinsed regularly, first with
water containing EDTA and then with distilled water. All procedures
were approved by the Association for Assessment and Accreditation
of Laboratory Animal Care-certified University of Louisville Insti-
tutional Animal Care and Use Committee and the Animal Care
Committee of the USDA Agricultural Research Service, Grand Forks
Human Nutrition Research Center.

The basal diet, an AIN-76 formulation that was modified accord-
ing to Johnson and Kramer (14), contained casein (200 g/kg), sucrose
(386 g/kg), cornstarch (295 g/kg), safflower oil (50 g/kg), and all
known essential vitamins and minerals. Six batches of diet for each
nominal Cu concentration were made to accommodate the 18-mo
duration of each experiment. Dietary Cu concentrations were deter-
mined using a dry-ashing procedure (15), followed by dissolution of
the residue in aqua regia and measurement by atomic absorption
spectrophotometry (Model 503; Perkins Elmer). For rats raised at the
University of Louisville, dietary analysis yielded concentration ranges
of 1.4-1.9 (nominal 1.5), 2.6-3.8 (nominal 3.0), and 5.1-6.4 (nom-
inal 6.0) mg Cu/kg diet. For rats raised at the Grand Forks Human
Nutrition Research Center, ranges were 1.3-1.6 (1.5), 2.3-3.7 (3.0),
and 5.3-6.0 (6.0) mg Cu/kg diet.

Tissue Cu and Fe concentrations. In order to monitor overall
Cu status in the experimental animals, Cu concentrations in the liver
and kidney and Fe concentrations in the liver were determined using
inductively coupled argon plasma emission spectroscopy (Model
35608, Thermo ARL-VG Elemental) after lyophilization and diges-
tion of the tissues with nitric acid and hydrogen peroxide (16).

Electrocardiography. The experimental procedures published
previously (17) were followed closely. Briefly, needle electrodes were
placed subcutaneously in the extremities to obtain all leads to the
electrocardiograph (ECG). The rats were lightly sedated with a single
dose of diazepam 20 min before the beginning of the recording to
obtain stable ECG recordings in unrestrained rats. ECG signals were
band-pass filtered, amplified, digitized (500 Hz/rat), and recorded
using an electrophysiograph. During the recording, the chart speed
was set at 10 mm/s, 25 mm/s, and 50 mm/s to allow close examination
of the changes in waveforms and for arrhythmia. All analyses were
performed on full-disclosure 2-h recordings. QRS complex and T
wave were visually confirmed. The measurements of PR interval,
QRS duration, and QT interval were from lead II. The measurement
of R waves was from lead V. All complexes on the screen were
ensemble-averaged using the peak of the QRS as a fiducial point. The
QT interval of the signal-averaged complex was then determined
manually by placing cursors at the beginning of the QRS and the end
of the T wave. Because the QT interval was correlated with the RR
interval, the QT interval was corrected (QTc) using the formula QTc
= QT/(RR/100)*2.

In situ open-chest heart performance analysis. Rats were anes-
thetized with 10 mL/kg of 0.5% pentobarbital by i.p. injection. A
rectal probe was used to measure body temperature. Rats were placed
in a supine position and a midline cervical incision was made to
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expose the trachea and the right carotid artery. After tracheotomy
and endotracheal intubation under a dissecting microscope, the right
carotid artery was isolated and cannulated with a flame-stretched
PE-50 catheter connected to a transducer. The catheter was pushed
toward the heart about 1.5 cm and introduced into the left ventricle
through the aortic valve. Hemodynamic parameters were then mea-
sured by a Digi-Med Heart Performance Analyzer system (Model 210,
Micro-Med, Louisville), and data were recorded by a Digi-Med Sys-
tem Integrator (Model 200, Micro-Med,). Measured variables in-
cluded heart rate, left ventricular systolic pressure, left ventricular
end diastolic pressure (LVEDP), left ventricular diastolic pressure,
maximum rate of pressure development during contraction (+dP/dt),
maximum rate of pressure decline during relaxation (—dP/dt), time
constant, duration of contraction, time to half-relaxation, and dura-
tion of relaxation. Data were averaged every 2 s for each measure-
ment.

Assessment of isoproterenol response. Isoproterenol was deliv-
ered through a femoral vein catheter with a microliter syringe pump
(Harvard Aparatus-22). It was administered at a constant rate of
infusion in varying concentrations of 0.08, 0.16, and 0.32 ug/
(min - kg body wt) given for a total of 3 min for each dose (0.1 mL/kg
body wt). Rats were allowed to recover for 10—15 min before admin-
istration of each successive dose. Heart performance under the stim-
ulation of isoproterenol was analyzed by the same surgical procedure
described previously (18).

Assessment of morphology changes. Hearts were excised, washed
with saline solution, and placed in 10% formalin. Hearts were cut
transversely close to the apex in order to visualize the left and right
ventricles. Several sections of heart (4—5 wm thick) were prepared
and stained with hematoxylin and eosin (H/E) or Sirius red for
collagen deposition and visualized by light microscope. For examina-
tion by electron microscopy, a tissue sample preparation procedure
described previously (19) was used.

Data analysis. Data are expressed as means * SEM. Body
weight, heart weight, heart weight:body weight ratio, organ mineral
concentrations, and cardiac function data were analyzed by 2-way
ANOVA (dietary Cu vs. months of diet consumption), followed by
Tukey-Kramer contrast where appropriate. Differences were consid-
ered significant at P < 0.05.

RESULTS

Characterization of systemic changes induced by marginal
dietary Cu restriction. Variables known to change with
severe dietary Cu deficiency [specifically, body weight, heart
weight normalized to body weight, hematocrit, and liver Fe
concentration (20)] were not affected by the levels of marginal
Cu deficiency tested in this study (Table 1). The only signif-
icant changes induced in rats fed low-Cu diets were decreased
Cu concentrations in the liver (Table 1) and kidney (Tables
1, 2). Age affected some variables, including body weight,
hematocrit and liver Fe concentration. There was no evident
interaction between diet and time in any of these variables.

Cardiac histological and ultrastructural changes induced
by marginal Cu deficiency. A series of examinations of the
myocardial morphology using H/E-stained tissue slides was
conducted (Fig. 1). Rats fed the diet containing 1.5 mg Cu/kg
showed a progressive degeneration in the heart after 9 mo of
feeding. Necrotic cardiomyocytes were easily identified, and
myocyte hypertrophy was dominant in the myocardium. In-
terestingly, we observed necrotic cardiomyocytes in the rats
fed the diet containing 6.0 mg Cu/kg for 18 mo; however, no
hypertrophied cells were identified in these animals. Corre-
sponding to these histopathological changes, there was exces-
sive accumulation of collagens in the myocardium in rats fed
the diet containing 1.5 mg Cu/kg for 15 mo, and more exten-
sive myocardial fibrosis in the rats fed 1.5 mg Cu/kg diet for 18
mo (Fig. 1). We also observed excessive accumulation of
collagen in the myocardium in rats fed 6.0 mg Cu/kg diet for
18 mo; the extent was the same as that observed in the rats fed

/002 ‘€ 1snbny uo Areigi [einynauby feuoireN ‘vasn e 610 uonuinu-ul wol papeojumod


http://jn.nutrition.org

JN THE JOURNAL OF NUTRITION

2132

LI ET AL.

TABLE 1

Effects of dietary Cu and duration of dietary consumption on traditional indices of Cu deficiency
in rats examined for cardiac morphology’-?

Month Dietary Cu Body wt Heart wt Hct Kidney Cu Liver Cu Liver Fe
mg Cul/kg diet g 9/kg body wt wmol/kg dry wt mmol/kg dry wt

6 6.0 453 * 45 2.72 = 0.1 0.41 = 0.03 431 = 49 192+ 6 6.1 + 0.3

3.0 532 + 39 2.41 = 0.09 0.44 = 0.01 438 = 36 161 = 5 6.0 + 0.7

1.5 533 =12 2.48 = 0.06 0.43 + 0.01 417 = 47 167 = 5 6.4 + 0.3

9 6.0 518 + 32 2.58 = 0.17 0.47 = 0.02 417 = 63 154 =19 6.7 £1.0

3.0 558 + 34 2.36 = 0.10 0.44 + 0.01 379 = 47 161 = 5 6.4 £ 0.4

1.5 536 = 32 2.50 = 0.06 0.43 = 0.01 324 + 65 134 =13 7.8 =05

12 6.0 614 = 36 2.47 = 0.16 0.45 = 0.01 426 + 54 164 = 2 6.8 0.4

3.0 611 = 67 2.35 = 0.11 0.43 = 0.01 400 = 31 168 = 5 7.9+0.8

1.5 600 * 22 2.56 = 0.06 0.45 + 0.02 302 = 31 161 =13 8.1+0.5

15 6.0 627 = 36 2.43 = 0.06 0.46 = 0.01 567 = 148 190 = 2 7.2+0.8

3.0 662 * 48 2.69 £ 0.23 0.42 + 0.01 475 = 72 194+ 9 58+1.2

1.5 658 * 81 2.48 = 0.18 0.44 = 0.01 354 + 74 162 = 19 9119

18 6.0 643 * 26 2.75 £ 0.08 0.42 = 0.02 389 = 65 200 = 2 6.4+20

3.0 742 = 64 2.34 = 0.17 0.40 = 0.02 442 + 39 195+ 5 6.8 1.6

15 704 * 51 2.76 £ 0.13 0.38 = 0.02 260 = 36 146 = 11 71+14

Statistical comparisons® P-value

Diet NS NS NS <0.02 <0.0002 NS
Month <0.0001 NS <0.004 NS <0.008 NS
Diet X Month NS NS NS NS NS NS NS

" Values are means = SEM, n = 5.
2 Hct, hematocrit.
3 NS, not significant, P > 0.05.

1.5 mg Cu/kg diet for 15 mo. The analysis of ultrastructural
changes using electron microscopy showed slight swelling and
disorganization of mitochondria in the myocardium in rats fed
1.5 or 3.0 mg Cu/kg diet for 6 mo and further remarkable

TABLE 2

Effects of dietary Cu and duration of dietary consumption on
organ minerals in rats examined for cardiac function’

Month Dietary Cu Kidney Cu  Liver Cu Liver Fe
mg Cu/kg diet umol/kg dry wt mmol/kg dry wt
6 6.0 427 =27 192 =13 45+17
3.0 35611 178+ 3 6.6 24
15 327+ 6 179 =17 6.3 + 2.1
9 6.0 417 =50 163+ 8 6.8 = 0.7
3.0 389 =39 176 = 11 6.1 0.5
15 293 =13 143 = 11 6.1+14
12 6.0 338+24 167+ 5 9.0+ 0.9
3.0 35430 178+ 8 109 = 2.0
15 297 = 6 179 =14 8.8+ 0.8
15 6.0 33122 187+ 8 8.4+ 0.6
3.0 359 +25 205+ 9 13.3+0.8
15 307 =17 168 = 14 10.5+0.8
18 6.0 313 =17 187 = 11 102 + 2.7
3.0 41349 173 9 72 *05
15 360 =27 192 =13 11.9+0.8
Statistical comparisons? P-value
Diet <0.008 NS NS
Month NS <0.05 <0.0001
Diet X Month NS NS NS

" Values are means = SEM, n = 5.
2 NS, not significant, P > 0.05.

changes in the mitochondrial structures in rats fed the same
diets for 15 mo. These changes included mitochondrial swell-
ing, disarray, and decreased number or disappearance of cris-
tae. In addition, changes in other organelles were also noted,
such as loss of myofibrils, chromatin condensation and mar-
gination in the nucleus, and fibrous protein accumulation
(Fig. 2).

Marginal Cu deficiency—induced alterations in ECG.
ECG analysis (Table 3) revealed that rats fed 1.5 mg Cu/kg
diet exhibited prolongation of the PR and QT intervals rela-
tive to controls (P < 0.01). In addition, some, though not all,
rats fed 1.5 mg Cu/kg diet showed premature ventricular
contractions (PVCs) (Fig. 3). One of 5 rats at 12 mo and 2 of
5 rats at 15 mo in this group displayed PVCs. One rat showed
PVCs in the group fed 3.0 mg Cu/kg diet for 9 mo. There were
no significant changes in ECG in the rats fed 6.0 mg Cu/kg
diet.

Myocardial dysfunction induced by marginal Cu defi-
ciency. Assessment of heart functional changes focused on
variables indicating both systolic (4+dP/dt) and diastolic func-
tion (—dP/dt and LVEDP). Under unstressed conditions, low-
Cu diets did not significantly affect these variables. However,
when rats were stimulated with the B-adrenergic agonist iso-
proterenol, we observed a blunted response of both diastolic
and systolic variables at 9 mo in rats fed 1.5 mg Cu/kg diet
(Fig. 4). In rats fed 3.0 mg Cu/kg diet, diastolic dysfunction
was also observed at 9 mo, but systolic dysfunction was not
observed until 15 mo (Fig. 4).

DISCUSSION

Reviews of tabulated data from large national surveys (21)
as well as data from several peer-reviewed research studies
(1-3) provide estimates that adult Cu intakes below the RDA
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18 mo @

FIGURE 1

Effects of dietary Cu concentration and feeding time on
cardiac cellular morphology in rats, examined using light microscopy
with H/E staining (A) or Sirius red staining (B). Arrows indicate necrotic
myocytes, arrowheads indicate hypertrophic myocytes, and red stain-
ing visualizes collage disposition.

(currently 0.9 mg/d) occur in as much as 60% of the studied
populations. With such potentially high numbers of people
ingesting less than adequate amounts of Cu, coupled with the
known cardiovascular impairment associated with severe Cu
deficiency in animals, it is imperative that we understand the
effects of marginal Cu deficiency on cardiovascular health.
Furthermore, several studies have reported low cardiac Cu
concentrations in people who died from ischemic heart disease
(22-25). For these reasons, the primary goal of this study was
to determine, using rats as a surrogate, whether Cu consump-
tion marginally below the recommended amount results in
cardiac structural and functional damage.

Prior animal studies using rats (26—30) or mice (31-33)
demonstrated that dietary Cu restriction leads to hypertrophic
cardiomyopathy associated with electrophysiological (27-30)
and functional abnormalities (33). However, most animal
studies were performed under the conditions of acute severe
dietary Cu deficiency, raising the question of clinical rele-
vance. An exception is the study of Wildman et al. (13),
which examined rats that were fed 2.8 mg Cu/kg diet, defined
as marginally Cu deficient compared to the recommendation
of 5-6 mg Cu/kg diet. In that study, male offspring were
supported by dams fed the marginally Cu deficient diet from
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15 mo

FIGURE 2 Electron micrographs of rat cardiac tissue illustrating
the general effects of dietary Cu content and feeding time on myocar-
dial ultrastructure (A) and specific effects in rats fed 1.5 mg Cu/kg diet
for 15 mo (B), including disrupted myofibrils (a), nuclear abnormality (b),
and fibrous protein accumulation (c).

midgestation through lactation, then weaned to the same diet
until they were 5.5 mo of age. Conventional indices of Cu
deficiency did not differ between the rats fed marginally Cu
deficient diets and those fed Cu-adequate diets (6.7 mg Cu/kg

TABLE 3

Effects of dietary Cu and duration of dietary consumption on
ECG variables in rats’

Month Dietary Cu PR interval QRS duration QT interval
mg Cu/kg diet ms
6 6.0 42.8 + 2.0° 17.6 = 1.0 79.6 + 4.3°
3.0 44,0 + 3.2° 177 =15 83.3 + 2.3°
1.5 48.6 + 5.72 18.0 = 0.8 90.0 + 8.12
9 6.0 40.7 = 0.3° 179+ 0.3 80.7 + 2.6°
3.0 42,6 + 2.7° 18.0 = 1.1 83.9 = 3.3°
1.5 50.5 + 1.8 18.4 = 0.9 93.8 + 4.0?
12 6.0 40.7 = 0.4° 17.4 = 0.5 80.6 = 5.2°
3.0 42.7 + 3.1° 185+ 1.0 82.9 + 7.6°
1.5 52.5 + 9.52 18.6 = 0.6 90.4 + 6.0?
15 6.0 42.0 = 1.1° 179 + 0.6 79.2 = 1.3°
3.0 41,6 = 1.5° 18.4 = 0.9 81.8 = 5.2°
1.5 55.0 + 6.32 18.3 = 0.4 90.1 + 9.6
Statistical
comparisons? P-value
Diet <0.01 NS <0.01
Month NS NS NS
Diet X Month NS NS NS

" Values are means = SEM, n = 5. Means in a column without a
common letter differ, P < 0.01.
2 NS, not significant, P > 0.05.
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FIGURE 3 Representative ECGs illustrating PVCs in Cu-deficient
rats: normal ECG from a rat fed 6.0 mg Cu/kg diet (A), compared to
ECGs from rats fed 1.5 mg Cu/kg diet for 15 mo (B) and 18 mo (C, D).
Examples of PVCs are noted by arrows in each of the 3 abnormal
ECGs. The PVCs all show a characteristic absence of P waves. QRS
complexes are either larger than normal (B, D), suggesting a ventricular
origin, or smaller than normal (C), suggesting a junctional origin. In one
instance (D), even the regular rhythm is abnormal, showing inverted P
and T waves with wide QRS complexes, consistent with a junctional
pacemaker.

LI ET AL.

diet). However, rats fed marginally Cu deficient diets exhib-
ited cardiac structural changes, including increased accumula-
tion of lipid droplets and abnormalities in mitochondria and
basal laminae. The observation of cardiac defects at a level of
Cu intake likely attainable by humans thus suggested possible
clinical relevance of marginal Cu deficiency.

A major difference between the present study and the
above study of long-term marginal Cu deficiency (13) was that
the prior study initiated the deficiency before birth via dams
fed the Cu-deficient diet starting at midgestation. Therefore,
the detrimental effects of Cu deficiency on fetal and postnatal
development of the heart contributed to the effects of mar-
ginal Cu deficiency on the adult heart. The present study
eliminated these developmental effects by introducing margin-
ally Cu-deficient diets to adult rats at 11 wk of age. In addition,
the observation period was increased (18 mo vs. 5.5 mo).

In acute severe Cu deficiency, the most commonly used
index for the cardiac effect is the increased heart weight
normalized to body weight. This change was not observed in
the present study, even for the longest time (18 mo) of feeding
marginally Cu deficient diets. However, histopathological ex-
amination did reveal cellular hypertrophy in the myocardium
in rats fed 1.5 mg Cu/kg diet for >9 mo. Acute severe Cu
deficiency is known to cause myocardial apoptosis (31). Al-
though we did not measure apoptosis in the present study,
increasing evidence suggests that apoptosis and hypertrophy
are parallel responses to stresses (34-37). For instance, an in
vitro study reported that cultured cells underwent apoptosis in
response to hydrogen peroxide and at the same time the
surviving cells became hypertrophic (36). In vivo studies also
showed that myocardial apoptosis occurred simultaneously
with the increased volume of the surviving myocytes in re-
sponse to arsenic toxicity, but without a phenotype of hyper-
trophy at the organ level (37). Therefore, it appears that the
cellular hypertrophy is balanced by cell loss due to apoptosis,
so that heart hypertrophy at the organ level is not apparent.

6 mo 9 mo 12 mo 15 mo
18000 - 18000 - 18000 - 18000 -
c c
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On the other hand, degenerative progression of the myocar-
dium was evidenced by necrosis and fibrosis at later durations
of feeding (Fig. 1). The study of ultrastructural abnormalities
by electron microscopy not only confirmed the detrimental
effects of long-term feeding of 1.5 mg Cu/kg diet on the heart,
but also identified myocardial structural damage in rats fed a
diet containing 3.0 mg Cu/kg (Fig. 2A). These and earlier (13)
morphological studies emphasize the importance of ultrastruc-
tural examination in assessing possible pathology of marginal
Cu deficiency.

We also questioned whether the observed morphological
alterations were associated with functional abnormalities,
which is the ultimate assessment of cardiac injury. The hemo-
dynamic analysis of the left ventricle conducted in the present
study provided an examination of changes of cardiac function
associated with marginal Cu deficiency under normal and
stressed conditions. Heart failure in humans is often diagnosed
by the cardiac hemodynamic response to stress, such as that
provided by the treadmill test. A change in +dP/dt is indica-
tive of alteration in the systolic function of the left ventricle
and is often used to assess the mechanical ability of the heart
to generate force for the ejection of blood from the ventricle.
With isoproterenol infusion, this variable is increased because
of the positive inotropic action of B-adrenergic stimulation.
However, the failing heart cannot respond efficiently to such
stimulation or may not respond at all, depending on the degree
of failure. Analysis of +dP/dt as a function of time demon-
strated a blunted response to isoproterenol stimulation after 9
mo of feeding 1.5 mg Cu/kg diet and after 15 mo of feeding 3.0
mg Cu/kg diet, indicating systolic dysfunction. Changes in
—dP/dt are indicative of alteration in the diastolic function of
the heart. This variable normally increases in response to
B-adrenergic stimulation, a response that is blunted in the
failing heart. A blunted response to isoproterenol was observed
in rats after 9 mo of feeding either 1.5 or 3.0 mg Cu/kg diet.
LVEDP is a measurement of ventricular wall compliance and
decreases in response to B-adrenergic stimulation. A blunted
response of LVEDP to isoproterenol stimulation occurred after
15 mo of feeding either 1.5 or 3.0 mg Cu/kg diet, indicating a
stiffening of the myocardial muscle that is consistent with the
structural damage described above.

The impaired B-adrenergic response of the Cu-deficient
heart triggers the question of a possible link to the known
alteration of catecholamine metabolism in the Cu-deficient
heart (38-40). However, the depressed catecholamine syn-
thesis with Cu deficiency suggests that a compensatory upregu-
lation of adrenergic receptors should occur, resulting in a
greater, rather than reduced, response to isoproterenol. We
propose that either the receptor expression is directly compro-
mised by Cu deficiency or, more likely, the downstream con-
tractile mechanisms are impaired, as evidenced by the mor-
phological disruption.

The relative sequence of events indicated that cardiac
function was more sensitive than cardiac structure to marginal
Cu deficiency and, further, that diastolic dysfunction occurred
earlier than systolic dysfunction. These observations demon-
strated that, to determine cardiac effects of marginal Cu defi-
ciency, examination of morphological changes, even using
electron microscopy, may not be sufficient. Although morpho-
logical changes are often observed to precede functional alter-
ations, myocardial dysfunction can apparently occur without
evident accompanying morphological changes under certain
conditions, such as those presented in this study. This raises
the question of whether functional alterations can lead to
morphological changes. Both the present study and a previous
study of the effects of marginal Cu deficiency on the heart (13)
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indicated that mitochondria are highly sensitive to Cu defi-
ciency—induced changes. The most common response of mi-
tochondria is swelling and proliferation. Although not ob-
served in the earlier marginal Cu deficiency study (13) it is
consistently observed in acute severe deficiency (41,42), and
mitochondrial swelling was observed in the longer time frames
of the present study. These changes are likely related to high
metabolic demand of the myocardium during its adaptation to
stress. These pathological changes to the mitochondria would
be expected to increase the risk of oxidative damage to the
myocardium, thus contributing further to the cardiomyopathy
in a positive-feedback manner.

Altered ECGs are commonly found in studies of acute
severe Cu deficiency (27-30). The long-term feeding of a
marginally Cu deficient diet resulted in prolongation of PR
and QT intervals, indicating reduced electrical conduction in
both atria and ventricles. A decrease in the heart conduction
system in Cu-deficient rats has been reported previously
(27,28). Another interesting observation is that some, not all,
of the rats fed 1.5 mg Cu/kg diet exhibited PVCs. These
ectopic impulses provide further evidence of pathological in-
jury in the heart conduction system. The altered ECGs in
marginal deficiency may parallel those found in a human
study. In the human study [(4); cited in Introduction] in which
subjects consumed a typical American diet low in Cu (1.03
mg/d), 4 of 24 male subjects displayed abnormal ECGs (4). In
the human study, pre-existing cardiac conditions cannot be
excluded as affecting the outcome. However, the fact that
these abnormalities appeared after subjects were fed the con-
trolled low-Cu diet indicates the triggering effect of Cu defi-
ciency. These cardiac effects were reversed after dietary Cu
repletion (4). We speculate that the cardiac abnormalities
observed in the present study could also be reversed, as is the
case for cardiomyopathy in severely Cu deficient mice (18).
The above comparisons between animal and human studies
suggest that the effects in rats of a diet containing 1.5 mg
Cu/kg may well simulate those in humans of a diet providing
1 mg Cu/d. Further studies using the same animal model and
the same level of Cu feeding should generate more relevant
information regarding the effects caused by diets low in Cu on
cardiovascular and other organ systems.

In summary, the present study provided a comprehensive
understanding of the detrimental effects of consuming diets
low in Cu on the heart through a detailed analysis of the
effects of feeding time and Cu level along the model animal’s
life span. An important general finding is that marginal Cu
deficiency can induce myocardial abnormalities in the absence
of a conventional measure such as heart enlargement and
without the systemic indications of Cu deficiency associated
with severe Cu deficiency. Findings also indicate that myocar-
dial alterations induced by marginal Cu deficiency in rats may
simulate those found in humans consuming a typical Western
diet low in Cu.
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